Abstract. The tall cell variant (TCV) of papillary thyroid carcinoma (PTC) is characterized by tall columnar cells with a height of at least three times their width. TCV usually presents at an older age, has a larger size and exhibits more extrathyroidal extension and metastases than classical PTC. The current study compared TCV with the classical and follicular variants (CaFVs) of PTC to determine if, irrespective of the age at diagnosis and tumor size, TCV is more aggressive than its classical and follicular counterparts. A total of 16 (3.66%) patients with TCV were identified in a series of 437 patients with PTC from the Clinical University Hospital (Santiago de Compostela, Spain) between 1990 and 2010. The patient clinicopathological features and B-Raf proto-oncogene (BRAF) V600E mutational status were compared with 34 cases of CaFVs of PTC matched for tumor size and patient age. The TCV series included 11 females and 5 males aged 15-74 years (median, 57 years). In total, 15 (93.8%) patients underwent total or near-total thyroidectomy, 1 underwent lobectomy and 5 (31.3%) underwent lymph node dissection. In the TCV series, the tumor size ranged from 5-45 mm (median, 19 mm ) and distant metastases (6.2% vs. 0.0%), as compared with the matched patient cohort. In conclusion, the TCV of PTC is frequently associated with BRAF V600E mutation and is more aggressive than the CaFVs of PTC, regardless of tumor size and patient age at diagnosis.
Introduction
Papillary thyroid carcinoma (PTC) is the most prevalent form of thyroid cancer, with an incidence that has continued to increase globally in recent decades (1) . This tumor consists of a number of histological variants, the most common of which are conventional (classical) PTC, follicular variant PTC and tall cell variant (TCV) PTC (2) . TCV PTC was initially described in 1976 by Hawk and Hazard (3) and is now an established variant composed of cells that are at least three times taller than they are wide, and which occasionally exhibit an abundant eosinophilic cytoplasm and basally oriented nuclei (4, 5) . The 2004 World Health Organization classification of tumors defined a PTC as TCV if it is composed predominantly of tall cells (6) , and the majority of experts consider that a tumor may contain ≥50% tall-cell features to be classified as the TCV of PTC (4, 5, 7) . However, there remains no general consensus on this classification (8) (9) (10) .
TCV PTC has a relatively higher predominance in males than classical PTC, occurs at an older age and is considered an aggressive variant (5, 10) . Patients with TCV exhibit poorer survival than those with classical PTC (5, 10) . The tall-cell feature alone remains a significant prognostic factor for disease-specific mortality when the major prognostic factors for thyroid cancer are controlled for, including age and extrathyroidal extension (11) . In a study of 12 cases of TCV PTC, this tumor type had an aggressive clinical course and a poorer prognosis, compared with classical PTC, in patient populations with a similar age and sex distribution, duration of follow-up and tumor size (12) . The patient prognosis also remains less favorable in cases without extrathyroidal extension (13) . A large multicenter study demonstrated varied prognostic risk for the three major PTC variants, establishing a risk order for PTC as follows: TCV PTC > classical PTC > follicular variant PTC (14) . This previous study demonstrated clinical implications for the management of PTC based on the specific variant (14) .
In the present study, the main clinicopathological features and the B-Raf proto-oncogene (BRAF) mutational status of a series of TCV PTC with classical and follicular variants (CaFVs) of PTC (matched in size and age) were compared in order to determine if, regardless of patient age at diagnosis and the tumor size, TCV is more aggressive than its classical and follicular counterparts.
Materials and methods
Patient selection. The hospital database was searched for all cases diagnosed as PTC and treated at the Clinical University Hospital (Santiago de Compostela, Galicia, Spain) between January 1st, 1990 and December 31st, 2010. PTCs were re-reviewed according to the criteria of the World Health Organization international classification for thyroid tumors (6) by one of the co-authors (J.M.C.-T.), a pathologist with special expertise in thyroid tumors who was blinded to the clinical outcomes of all patients involved. The tall cells were defined as tall columnar cells whose height was at least three times their width. A tumor was classified as TCV PTC if it contained ≥50% tall cells (5-7). To avoid selection bias, and due to their highly indolent behavior (15) , cases of encapsulated follicular variant of PTC were excluded from the current study. For the same reasons, all tumors with ≥3 mitoses/10 high-power fields or necrosis with poorly differentiated-like behavior (6, 16) were also excluded. Written informed consent was obtained from all patients. The Independent Ethics Committee of Galicia (Galician Healthcare Service; SERGAS) approved the study protocol, which was conducted in accordance with the Declaration of Helsinki and applicable Spanish laws.
Clinical, histopathological, immunohistochemical and molecular parameters. The following histopathological parameters were assessed: Carcinoma size, multifocality, infiltration of the two thyroid lobes (bilaterality), vascular invasion, perineural infiltration, status of the resection margins, presence of tumor cells invading beyond the thyroid capsule into perithyroid soft tissue or organs (extrathyroid tumor extension) and the presence of metastatic lymph nodes. The largest dimension of the carcinoma was determined by a review of the gross pathology report and direct measurement of the tumor on the microscopic slides. The patient's electronic medical records were reviewed for the age at diagnosis, type of surgery (including re-interventions) and administration of radioactive iodine therapy. Staging was performed according to the American Joint Committee on Cancer staging manual 7th edition (17) . The mean follow-up for all patients was 59.6 months [standard deviation (SD), 44.7 months].
Immunohistochemical studies were performed on 4 µm-thick paraffin-embedded representative tumor sections from thyroidectomy specimens. A peroxidase-conjugated labeled dextran polymer (EnVision FLEX/HRP; Dako; Agilent Technologies, Inc., Santa Clara, CA, USA) was used with 3,3'-diaminobenzidine as the chromogen in the Autostainer Link 48 (Dako; Agilent Technologies, Inc.) according to the manufacturer's protocol. Deparaffinization, rehydration and target retrieval (pH 6.0) were performed on a PT Link pretreatment module (Dako; Agilent Technologies, Inc.). Subsequently, samples were incubated with primary antibodies against thyroglobulin (catalog no. IR509; rabbit polyclonal; ready to use; pH 6.0; Dako; Agilent Technologies, Inc.) and calcitonin (catalog no. IR515; polyclonal; ready to use; pH 9.0; Dako; Agilent Technologies, Inc.) at room temperature for 20 and 15 min, respectively. An immunoglobulin fraction of normal rabbit serum supplied in 0.05 mol/l NaCl, 15 and mmol/l NaN3 (pH 7.2), and containing stabilizing protein (catalog no. IR600; Dako; Agilent Technologies, Inc.) was used as the negative control. Tissue sections containing a medullary carcinoma (calcitonin) and normal thyroid (thyroglobulin) obtained from the Carlos III Health Institute (Madrid, Spain; TIROCHUS collection no. 0003960), were simultaneously evaluated as positive controls for thyroglobulin and calcitonin. The slides were counterstained with hematoxylin. The staining for thyroglobulin and for calcitonin was considered positive only if the cytoplasm of tumor cells had been stained brown with the chromogen following microscopic examination (Olympus BX41TF; Olympus Corporation, Tokyo, Japan).
For BRAF molecular genetic analysis, tumor tissue was identified and marked on the hematoxylin and eosin-stained glass slides by the pathologist. Genomic DNA was extracted from the paraffin-embedded tumor tissue using a QIAamp DNA Mini kit (Qiagen Inc., Valencia, CA, USA) according to the manufacturer's protocol. DNA samples were screened for mutations in exons 11 and 15 of the BRAF gene (National Center for Biotechnology Information reference sequence, NM_004333). Exons 11 and 15 of the BRAF gene were amplified by polymerase chain reaction (PCR) using 50-70 ng of genomic DNA. Each 12.5-µl reaction consisted of 1X PCR buffer (catalog no. M7801; Promega Corporation, Madison, WI, USA), 3 mM MgCl 2 , 200 µM deoxynucleotides, 0.5 µM of each primer and 0.6 U GoTaq Flexi DNA Polymerase (catalog no. M7801; Promega Corporation). Primer sequences were as follows: Exon 11, forward 5'-GCA TAA GGT AAT GTA CTT AGG GTG AA-3' and reverse 5'-AAC AGT GAA TAT TTC CTT TGA TGA T-3'; and exon 15, forward 5'-TCA TAA TGC TTG CTC TGA TAG G-3' and reverse 5'-GGC CAA AAA TTT AAT CAG TGG A-3' (18). The thermocycling conditions consisted of an initial denaturation at 94˚C for 3 min; 35 cycles at 94˚C for 30 sec, 30 sec of annealing at 60˚C for exon 15 and at 55˚C for exon 11, and 72˚C for 45 sec; and a final extension at 72˚C for 7 min. The PCR products were bidirectionally sequenced using capillary electrophoresis (3730 DNA Analyzer; Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA) with the aforementioned primers.
Statistical analysis. Statistical analysis was conducted using SPSS version 18.0 (SPSS Inc., Chicago, IL, USA). The TCV PTC cohort (n=16) was compared with the matched series of classical (n=18) and follicular (n=16) variants of PTC. Data are presented as the mean ± SD or as a percentage. Categorical variables were compared using χ 2 analysis, whereas continuous variables were compared using student's t-tests or Mann Whitney U tests, as appropriate. P<0.05 was considered to indicate a statistically significant difference.
Results
Clinicopathological features. In total, 16 (3.66%) patients with TCV PTC were identified in a series of 437 patients with PTC. The TCV series included 11 females and 5 males aged 15-74 years (median, 57 years). Table I presents the clinicopathological features of the TCV PTC series in comparison with the control group of CaFVs of PTC. The clinicopathological features and BRAF V600E mutational status of the TCV PTC series were compared with the 34 cases of CaFVs of PTC matched for tumor size and age at diagnosis (Table II) .
In the TCV PTC series, the tumor size ranged from 5-45 mm (median, 19 mm). Extrathyroidal extension was present in 9 (56.3%) cases and lymph node metastases were detected in 9 (56.3%) cases. In total, 8 patients (50.0%) had multifocal papillary carcinomas, with lymphovascular invasion in 6 (37.5%) cases and distant metastases in 1 (6.2%) case. A total of 10 patients (62.5%) presented at stage III/IV. At presentation, one patient in the TCV PTC group had distant metastases, whereas no distant metastasis was detected in the control group. During follow-up, two patients with TCV PTC developed metastases (cervical lymph node metastases in one case and lung metastases in one case), and two other patients with TCV PTC succumbed to the disease. No metastases or disease-associated mortalities were observed in the control group. At the end of the study, a lower percentage of disease-free patients and slightly higher rate of recurrence was observed in the TCV PTC group by comparison with the control group (50.0% vs. 85.3% disease-free patients, P=0.02; 37.5% vs. 11.7% rate of recurrence, P=0.08, respectively). The survival rate in patients with TCV PTC was 87.5%, compared with 97.0% in the control group; however, this difference was not statistically significant (P= 0.1).
The control group exhibited less extrathyroidal extension and lymph node metastases: 5 (14.7%; P=0.007) and 9 (26.5%; P=0.04) cases, respectively. In total, 9 (26.5%) tumors were multifocal, with lymphovascular invasion in 10 (29.4%), no distant metastases and 7 (20.5%) patients vs. 10 (62.5%) patients presenting at stage III/IV (P=0.04).
Immunohistochemical and molecular findings. In accordance with their follicular cell derivation, in the two series, all tumors were positive for thyroglobulin and negative for calcitonin (Fig. 1) (C) In the follicular variant of PTC, the pattern of growth is follicular throughout. Hematoxylin and eosin staining; original magnification, x400. All these variants of PTC were positive for thyroglobulin in the immunohistochemical study (insets; magnification, x400). PTC, papillary thyroid carcinoma.
the patient with distant metastases at diagnosis, in the two patients developing metastases on follow-up, and in the two patients that succumbed to the disease, all of whom belonged to the TCV PTC series. 
Discussion
In the current study, the main clinicopathological features of the TCV of PTC were examined, the frequency of which appears to be rising along with the increased incidence of PTC worldwide (19, 20) . However, the causes of this increased incidence of the TCV of PTC, and whether it is a true increase, remain to be elucidated. The TCV made up ~10% of all cases of PTC in the initial series studied by Hawk and Hazard (3); however, later studies on the incidence of this entity detected the TCV in between 1.3 and 13% of all PTC cases (21, 22) . Similar to the findings of Ito et al (23) , the current study detected 3.6% of the TCV of PTC in a series of 437 PTC cases. This variation in the reported prevalence of TCV PTC may occur as a consequence of a poor definition of this variant due to the following factors: i) A variance in the height of the neoplastic cells depending on the plane of the section (6); ii) the presence of a significant proportion of tall cells in various types of PTC (6); iii) the differing diagnostic criteria proposed (for example, distinct threshold values in the percentage of tall cells required to determine a particular case of PTC as being a variant of tall cells) (3, 4, 6) ; and iv) the misdiagnosis of this variant on routine pathological examination (7) . Certain studies have revealed that 1-13% of diagnosed cases of classical PTC were reclassified as TCV PTC following revision by endocrine pathologists (13, (24) (25) (26) (27) . The TCV of PTC has a 6% prevalence (95% confidence interval, 4-7%) in all PTC, following a pooling of the data from the literature (10). Although there is no consensus concerning the threshold of tall cells defining the TCV of PTC, LiVolsi (4) proposed to specify the presence of foci of tall cells in pathological reports irrespective of the percentage of tall cell cytology. Despite the lower number of cases in the current series, all cases of the TCV of PTC had ≥50% tall cells, which may indicate the increased reliability of the study. Due to the clinical differences between the patients with the TCV of PTC and classical PTC, a control series with exactly the same mean age could not be obtained in the current study; however, no significant differences in patient age were detected between the two groups (P=0.1). The female:male ratio in the patients with TCV of PTC was 2.2, with females accounting for 69%, and males 31% of cases. In the control group of patients in the present study, females accounted for 82%, and males for 18% of cases. Certain studies have also observed that the TCV of PTC has a higher prevalence in males compared with classical PTC (10, 19, 25) . It is established that, in differentiated thyroid carcinoma cases, male patients tend to have more advanced disease diagnosed at an older age, lower disease-free survival and higher mortality compared with female patients (28, 29) . The mean age at presentation of the patients in the present study with the TCV of PTC (57 years) was similar that to observed in a large population-based cancer registry (Surveillance, Epidemiology and End Results) from 1988-2008 (19) . This data was also concordant with the ranges and mean age pooled from the series that has been previously reported (range, 41-66 years; mean, 50.1 years for TCV PTC; range, 34-53 years; mean, 45.7 years for classical PTC) (10) . Age at diagnosis is also an important prognostic factor in patients with differentiated thyroid carcinoma (30) and, particularly after 40-45 years, the adverse effect of age on prognosis increases gradually with every decade (31).
The behavior of TCV is more aggressive than that of CaFVs of PTC (3, 8, 10, (12) (13) (14) 23, 24, 27, 30) . Although there is a lack of consensus on whether the TCV of PTC is varied from the classical PTC in terms of tumor size at presentation (10), a previous review revealed that the mean tumor diameter in all cases of the TCV of PTC was 20 mm, by comparison with 19 mm in classical PTC (10) . The current series of the TCV of PTC was compared with the two CaFVs to determine if, irrespective of age and size, TCV is more aggressive than its classical and follicular counterparts. The overall percentage of multifocality, bilaterality, positive margins, vascular invasion, extrathyroidal extension, lymph node metastasis, distant metastasis and stage III/IV at presentation was greater in the TCV variant group, as compared with the classical and follicular PTC groups (Table I ). Similar figures have been reported by previous studies, and the overall rates of multifocality, extrathyroidal extension, lymph node metastasis, and distant metastasis at the time of diagnosis in patients with TCV PTC were 45.7, 63.9, 59.0 and 8.6% respectively (10). The current study detected significantly higher rates of extrathyroidal extension (56.3 vs. 14.7%; P=0.007), lymph node metastasis (56.3 vs. 26.4%; P=0.04) and advanced-stage disease (62.5 vs. 20.5%; P=0.009) in the TCV series in comparison with the CaFVs, and the tumor size was slightly larger in the latter group [21 mm (SD, 0.9 mm) vs. 26 mm (SD, 1.7 mm), respectively]. A patient with distant metastases was present in the TCV of PTC group in the present study, but no distant metastases were detected in the control group. These findings were consistent with previous studies concerning the increased aggressiveness of TCV compared with the CaFVs of PTC, and support such aggressiveness being independent of tumor size and patient age.
BRAF gene encodes a serine/threonine kinase that belongs to the RAS-RAF-mitogen-activated protein kinase (MAPK) kinase-extracellular signal-regulated kinase-mitogen activated protein kinase signaling pathway, the role of which is to mediate the cellular responses to growth factors. The T1796A BRAF mutation, leading to the substitution of a valine by a glutamic acid at position 600 in exon 15, is the most prevalent mutation in PTC. The BRAF V600E mutation increases BRAF kinase activity, triggering the MAPK signaling pathway independent of the activation of upstream factors. The BRAF V600E mutation is the most frequent point mutation detected in PTC (36-83%), with a strong genotype-phenotype association, and is almost exclusively detected in cases of PTC that exhibit a papillary or mixed papillary-follicular growth pattern (32, 33) . Previous reports indicate that the BRAF mutation has the highest prevalence in the TCV of PTC (80-100%) (10, 34) . In the patient series of the current study, the percentage of cases exhibiting the BRAF V600E mutation was also significantly higher in the TCV of PTC group (80%; P=0.004).
Certain studies have reported significant associations between BRAF-positive thyroid tumors and poor prognostic indicators, including male gender, increased age, lymph node metastases, extrathyroid extension, distant metastases, higher tumor staging, tumor size and tumor recurrence (10, 32) . A retrospective multicenter study demonstrated that the BRAF V600E mutation was significantly correlated with increased cancer-associated mortality in patients with PTC; however, this association was not independent of a number of clinicopathological features of aggressiveness, including older patient age at diagnosis, lymph node metastases, extrathyroidal extension, distant metastasis or advanced disease (stage IV) (35) . A recent meta-analysis demonstrated that BRAF V600E -positive papillary thyroid types of microcarcinoma are more likely to possess aggressive clinicopathological characteristics (36) . Subsequently, another previous study revealed that the coexistence of BRAF V600E and telomerase reverse transcriptase promoter mutations was particularly associated with high-risk clinicopathological features in PTC (37) . Notably, in the current study, the BRAF V600E mutation was associated with extrathyroidal extension (P=0.009), lymph node metastases (P=0.028) and advanced stage (P=0.049) in the TCV of PTC and the CaFVs of PTC groups (Table II) . In addition, all the patients that presented with distant metastases at diagnosis, that developed metastases on follow-up or that succumbed to the disease, had BRAF V600E -positive TCV PTC. These results suggest that the BRAF V600E mutation functions in the aggressive biological behavior of the TCV of PTC. The current hypothesis, based on this series of clinically relevant PTC, is concordant with a previous study by Virk et al (38) on papillary microcarcinoma. In this previous study, Virk et al (38) proposed that the BRAF V600E mutation is an early event in thyroid carcinogenesis, and is associated with distinctive morphology and aggressive features, even in papillary thyroid microcarcinomas.
In conclusion, the present study reports a series of PTC strictly classified as the TCV (≥50% of tall cells) and reveals that, irrespective of patient age and tumor size, this variant is significantly associated with a higher rate of extrathyroidal extension, lymph node metastasis, advanced stage and BRAF V600E mutations, compared with the CaFVs of PTC. The higher rate of BRAF V600E mutations in the TCV of PTC compared with the classical and follicular counterparts, also supports the hypothesis of a role for these mutations in the aggressiveness of PTC.
